Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder affecting around 1 in 5000 newborn males worldwide ([@B1], [@B2]). Patients with DMD manifest their first clinical symptoms at the age of 3--4 yr and generally become wheelchair dependent between the ages of 7 and 13 yr ([@B3], [@B4]). The ambulation period can be prolonged in many boys with DMD with early initiation of steroid treatment ([@B5], [@B6]). The terminal stage of the disease starts when patients require assisted ventilation by the age of around 20 yr, and patients usually die in the third or fourth decade due to respiration or cardiac failure ([@B7]).

DMD is caused by out-of-frame mutations in the *DMD* gene that disrupt the open reading frame, resulting in the synthesis of nonfunctional dystrophin protein ([@B8], [@B9]). This leads to a loss of the connection between the cytoskeleton and the extracellular matrix making muscle fibers more susceptible to contraction-induced membrane damage. As a result, the uncontrolled influx of calcium occurs, causing progressive degeneration of myofibers ([@B10], [@B11]). This pathologic process is accompanied by inflammation and fibrosis ([@B12]), leading to muscle wasting and loss of function.

The C57BL/10ScSn-*Dmd^mdx^*/J (BL10-*mdx*) mouse is the most frequently used mouse model for DMD. These mice harbor a nonsense mutation in exon 23 of the *Dmd* gene, which leads to a premature stop of protein translation and nonfunctional dystrophin, leading to the typical hallmarks of muscular dystrophy ([@B13]). However, even though BL10-*mdx* mice are deficient for dystrophin, the disease phenotype is much milder than that of patients with DMD. This can be explained by, among other things, vast differences in size and muscle loading plus length of growth phase between species and possible differences in capacity for muscle regeneration across species ([@B14][@B15]--[@B16]). Given the difference in disease pathology, translating therapeutic benefits obtained in BL10-*mdx* mice to the human situation should be done with caution ([@B17]). As such, the availability of a more severely affected mouse model that more closely recapitulates the disease pathology observed in patients with DMD would be instrumental and could improve translatability of preclinical studies.

Recently, a new DMD mouse model was generated by crossing BL10-*mdx* mice on a DBA/2J \[D2-wild type (WT)\] genetic background ([@B18]). These D2.B10-*Dmd^mdx^*/J (D2-*mdx*) mice display a more severe dystrophic phenotype than BL10-*mdx* mice, including impaired muscle function and regeneration, decreased muscle weight, and elevated levels of fibrotic tissue in skeletal muscles ([@B18], [@B19]). As such, these mice may provide a promising alternative to the BL10-*mdx* model. Although the full genetic characterization of the D2-*mdx* strain underlying this more severe pathology is still pending, their polymorphism in *Ltbp4* was identified as a genetic modifier. Namely, a deletion in the coding region of the *Ltbp4* gene, which modifies activity of *Tgf*-β signaling was associated with increased SMAD signaling and fibrosis ([@B20]). Notably, the human *LTBP4* gene also contains polymorphisms that influence TGF-β activity, and indeed the *LTBP4* haplotype also affects loss of ambulation age of patients with DMD ([@B21], [@B22]). D2-*mdx* mice also have a dysfunctional *Anxa6* gene, which results in defects in the satellite cells' self-renewal ability, and thus decreased muscle repair, in contrast to the BL10-*mdx* strain ([@B23]). Lastly, D2-*mdx* mice carry the *dyscalc1* gene locus, which is thought to be responsible for calcifications in their skeletal and heart muscles through the potential causative genes *Abcc6* or *Emp3* ([@B24]).

To date, there are only a few publications that investigate muscle pathology in the D2-*mdx* strain ([@B18], [@B19], [@B23], [@B25], [@B26]). A more comprehensive natural history study (*e*.*g.*, which includes longitudinal functional assessments), is needed to investigate the true potential of this emerging model. In fact, the "of mouse and measures" initiative was established in a collaborative effort of researchers working with the D2-*mdx* strain to compile data and align future efforts to establish natural history ([@B27]). We present our natural history data of the D2-*mdx* strain, generated using standardized operating procedures available from the TREAT-NeuroMuscular Disease (NMD) Alliance for the BL10-*mdx* strain. These data will be pivotal to generate generally accepted standardized outcome measures and protocols for the D2-*mdx* strain, which will facilitate high-quality preclinical studies and thereby enhance translatability to the clinic.

MATERIALS AND METHODS {#s1}
=====================

Animals {#s2}
-------

Mice were housed under pathogen-free conditions in individually ventilated cages in rooms with a 12-h light/dark cycle at a temperature of 20.5°C and 40--60% humidity. *Ad libitum* access to standard RM3 chow (SDS, Essex, United Kingdom) and water was given to mice and they were handled according to the guidelines established by the Animal Experiment Committee (Dierexperimentencommissie) of the Leiden University Medical Center. All experiments were carried out under the approved protocol (13211). Efforts were made to minimize the burden and distress of the animals. D2-WT mice (Jax Stock 000671) were purchased from The Jackson Laboratory (Bar Harbor, ME, USA), whereas the other strains were acquired from in-house breeding.

Experimental setup {#s3}
------------------

At the age of 10 wk, C57BL/10ScSn-*Dmd^mdx^*/J (BL10-*mdx*) and D2.B10-*Dmd^mdx^*/J (D2-*mdx*) (both *n* = 6 males and *n* = 6 females) and C57BL/10ScSnJ (BL10-WT) and D2-WT (both *n* = 6 males) mice were euthanized by cervical dislocation to compare muscle pathology between the strains. The quadriceps, gastrocnemius, tibialis anterior, triceps, diaphragm, and heart were isolated, snap frozen in liquid nitrogen cooled isopentane, and used for histologic and gene analysis.

Another group of D2-*mdx* (*n* = 20, 10 males and 10 females) and D2-WT (*n* = 12, 6 males and 6 females) mice were subjected to a functional test regime. This functional test regime consisted of the forelimb grip strength test and 2 and 4 limb hanging tests. These tests were performed twice monthly from the age of 4--34 wk. Standardized operating procedures from the TREAT-NMD Alliance available for the BL10-*mdx* mouse model were used when possible ([@B28]). Body weights were recorded before every test session. At 34 wk of age, mice were euthanized by cervical dislocation, and muscles and heart were isolated. Gastrocnemius muscle and the heart were weighed.

Forelimb grip strength test {#s4}
---------------------------

Grip strength of the forelimbs was assessed using a grid attached to an isometric force transducer (Columbus Instruments, Columbus, OH, USA) according to the previously published protocol ([@B28]) and TREAT-NMD SOP DMD_M.2.2.001. The force transducer recorded the maximum force that was required to break the mouse's grip from the mesh surface. In total 5 strength measurements, each containing of 3 pulls, were recorded. Three highest values were averaged and normalized to body weight.

Two and 4 limbs hanging tests {#s5}
-----------------------------

The 2 and 4 limbs hanging tests were assessed according to the previously described protocols ([@B28]) and TREAT-NMD SOP DMD_M.2.1.004. For the 2 limbs hanging test, the mouse was suspended above a metal wire that was located 40 cm above a cage with soft beddings. After the mouse grasped the wire with its forelimbs, it was released, and the hanging time was recorded. For the 4 limbs hanging test, the mouse was placed on a grid, which was then turned upside down, 15 cm above a cage filled with soft bedding, after which hanging time was recorded. Both tests were completed after a hanging time of 600 s was achieved or after 3 sessions. The maximum hanging time was used for analysis.

Respiratory function analysis {#s6}
-----------------------------

Respiratory function was measured with whole-body plethysmography (RM-80; Columbus Instruments) ([@B29]) at the age of 7, 14, and 34 wk. After 30 s of acclimatization period, the respiration signal was assessed for 120 s using a MiniDigi digitizer and Axoscope 10 software (Molecular Devices, San Jose, CA, USA). The data were analyzed with the event detection feature of the Clampfit 10 program (Molecular Devices). Using this monitoring system, respiration rate and amplitude were measured. The respiration amplitude was normalized to body weight.

Creatine kinase level analysis {#s7}
------------------------------

Creatine kinase (CK) levels were assessed on a weekly basis until the age of 8 wk and on a biweekly basis from 10 until 32 wk. To this end, blood was collected *via* a small angled cut in the tail in a heparin-coated Microvettes CB 300 (Sarstedt, Nümbrecht, Germany) and stored on ice for a maximum of 2 h. Subsequently, blood samples were centrifuged at 4°C for 5 min at 18,000 *g*. The obtained plasma was used to measure CK levels with Reflotron CK test strips in the Reflotron plus machine (Roche, Basel, Switzerland).

Muscle histology {#s8}
----------------

Freshly isolated muscles embedded in Optimal Cutting Temperature (OCT) compound (TissueTek; Sakura Finetek, Torrance, CA, USA), were snap frozen in 2-methylbutane (MilliporeSigma, Burlington, MA, USA), cooled in liquid nitrogen, and stored at −80°C until further processing. Sections of 8 μm were obtained with a Cryostat (CM3050 S Research Cryostat; Leica Microsystems, Buffalo Grove, IL, USA) for histologic analyses, whereas the remaining tissue was collected in 1.4 mm Zirconium Beads prefilled tubes (OPS Diagnostics, Lebanon, NJ, USA) and used for RNA isolation.

Haematoxylin and eosin staining {#s9}
-------------------------------

Sections were fixed in ice-cold acetone for 5 min. Fixed tissue sections were stained with hematoxylin and eosin (H&E) (MilliporeSigma) according to the conventional protocol and imaged with BZ-X700 microscope (Keyence, Osaka, Japan) with a ×10 objective. The pictures, covering the entire cross-sectional area, were stitched using BZ-X700 analyzer software (Keyence). For removal of background noise, Adobe Photoshop CC 2014 (Adobe, San Jose, CA, USA) was used. Using this staining, fibrotic/necrotic/regenerated areas were quantified by calculating unhealthy/healthy ratio by ImageJ (National Institutes of Health, Bethesda, MD, USA) software using the color deconvolution plugin ([*https://imagej.net/Deconvolution*](https://imagej.net/Deconvolution)) by 2--5 examiners, and the median of their assessments was used for analysis. Because the pathologic tissue was defined by the color deconvolution plugin by a lack of eosin staining, calcified fibers were not taken into consideration as these stain with eosin.

Alizarin Red staining {#s10}
---------------------

To analyze calcification in muscle, sections were fixed in ice-cold acetone for 10 min and exposed to Alizarin Red staining solution (MilliporeSigma) for 1 min. Directly after, the sections were washed in acetone (Thermo Fisher Scientific, Waltham, MA, USA) for 30 s and in 1:1 acetone/xylene for 15 s. The sections were incubated in xylene for 1.5 h, mounted in Pertex and imaged with BZ-X700 microscope (Keyence) with a ×10 objective. The pictures were stitched using BZ-X700 analyzer software (Keyence). For background correction, Adobe (San Jose, CA, USA) Photoshop CC 2014 was used. The percentage of calcified tissue was determined by dividing Alizarin Red--positive areas by the total area using ImageJ software by 2--3 examiners, and the median of their assessments was used for analysis.

Fiber-size measurement {#s11}
----------------------

For fiber-size analysis, muscle sections were blocked in PBS containing 0.05% Tween and 5% horse serum for 30 min at room temperature, stained with a laminin primary antibody (ab11575, dilution 1:100; Abcam, Cambridge, MA, USA) diluted in PBS/0.05%Tween at 4°C overnight. After washing with PBS, sections were incubated with secondary antibody goat-anti-rabbit IgG Alexa 594 (A11012, dilution 1:1000; Thermo Fisher Scientific) for 1 h at room temperature and mounted with Prolong gold mounting medium with DAPI (Thermo Fisher Scientific). Five microscopic views were analyzed with BZ-X700 analyzer (Keyence) with a ×10 objective, resulting in a mean total number of 1283--4487 fibers for quadriceps, 2072--4792 for gastrocnemius, 1473--3410 for triceps, and 2696--7213 for diaphragm measured, of which the number of fibers in a given fiber area class (500 μm^2^/class) was determined. The fibers with an area outside \<100 µm^2^ or \>10,000 µm^2^ were excluded from analysis.

Embryonic myosin heavy chain staining {#s12}
-------------------------------------

To detect regenerative fibers, sections were stained with a MYH3 primary antibody (F1.652, sc-53091 dilution 1:20; Santa Cruz Biotechnology, Dallas, TX, USA) overnight at 4°C and with a goat-anti-mouse Alexa 488 secondary antibody (A11001, dilution 1:1000; Thermo Fisher Scientific) for 1 h at room temperature and mounted with Prolong gold mounting medium with DAPI (Thermo Fisher Scientific). Images of the stained muscle sections were taken with a BZ-X700 fluorescent microscope (Keyence) with a ×10 objective. For background correction, Adobe Photoshop CC 2014 was used. The total number of embryonic myosin heavy chain (eMHC)-positive fibers was manually counted and divided by the total muscle area that was assessed using ImageJ software and reported as positive fibers per square millimeters.

Sirius Red staining {#s13}
-------------------

To quantify the levels of collagen, sections were fixed in 4% paraformaldehyde for 10 min, followed by the fixation in 100% ethanol for 5 min and air dried for 30 min. The muscle sections were stained with Sirius Red solution (MilliporeSigma) for 45 min. Thereafter, sections were washed with 0.5% acetic acid water followed by rinsing with deionized water. The muscle sections underwent dehydration steps and were mounted in Pertex mounting medium (Histolab, Los Angeles, CA, USA). The stained muscle sections were imaged using a BZ-X700 fluorescent microscope (Keyence) with a ×10 objective and processed and stitched using BZ-X Analyzer (Keyence). The Sirius Red--positive areas were quantified using ImageJ and normalized to the total area. Two examiners assessed the images and the median of their results was used for analysis.

Gene expression analysis {#s14}
------------------------

Muscle sections were collected in 1.4 mm Zirconium Beads prefilled tubes (OPS Diagnostics) and homogenized in TRIsure isolation reagent (Bioline, London, United Kingdom) using a MagNA Lyser (Roche). Total RNA was isolated using the TRIsure isolation method. The RNA was further purified (including DNase digestion step) by applying a NucleoSpin RNA II kit (Macherey-Nagel, Düren, Germany) according to the manufacturer's instruction. From 300 to 500 ng of RNA (RNA input varied between muscles but was kept constant between groups), cDNA was synthesized using random N6 primers (Thermo Fisher Scientific) and Bioscript enzyme (GC Biotech, Waddinxveen, The Netherlands) according to the manufacturer's instructions. Quantitative PCR (qPCR) was performed in triplo per biologic sample with the use of the LightCycler 480 and the ready-to-use SensiMix reagents (GC Biotech). The expression levels were analyzed applying the LinReg qPCR method ([@B30]) and normalized to the reference gene glyceraldehyde-3-phosphate dehydrogenase. Functional descriptions of genes analyses and their primer sequences are listed in [Supplemental Table S1](#SM2){ref-type="supplementary-material"}.

Statistical analyses {#s15}
--------------------

Prism 4 (GraphPad Software, La Jolla, CA, USA) and SPSS 17.0.2 (IBM, White Plains, NY, USA) were used to analyze the data. A linear regression model was applied to compare the maximum hanging times of the hanging tests, grip strength, and CK levels *vs.* age per mouse per genotype. Respiration amplitudes and rates were compared between genotypes using mixed models.

Results of histologic and gene expression analyses were compared between genotypes using a 2-way ANOVA test and corrected for multiple comparisons with Tukey's multiple comparison test. Fiber-size distribution was assessed using logistic regression with SPSS to demonstrate the switch toward smaller fiber sizes for dystrophic mice. Statistical significance was set at *P* \< 0.05. Values are presented as means ± [sd]{.smallcaps} or ± [sem]{.smallcaps}, as indicated.

RESULTS {#s16}
=======

At a young age (10 wk), D2-*mdx* mice are more severely affected than BL10-*mdx* mice {#s17}
-------------------------------------------------------------------------------------

To confirm and expand on the existing body of evidence that D2-*mdx* mice are more severely affected than BL10-*mdx* mice, we analyzed 6 D2-*mdx* and BL10-*mdx* males and females and 6 D2-WT and BL10-WT males at the age of 10 wk. Several dystrophic characteristics were compared between strains, genders, and different skeletal muscles. Overall histopathology of the quadriceps, gastrocnemius, tibialis anterior, triceps, and diaphragm was assessed with a H&E staining, quantifying the percentage of pathologic tissue (necrosis, regeneration, fibrosis, and inflammation). All male D2-*mdx* muscles analyzed were more severely affected than muscles from age- and gender-matched WT strains ([**Fig. 1*A***](#F1){ref-type="fig"}). Moreover, histopathology of BL10-*mdx* mice was worse than that of both wild types for most muscles, except for the tibialis anterior. Overall pathology comprised \>10% in D2-*mdx* quadriceps, gastrocnemius, triceps, and diaphragm but was significantly (*P* \< 0.05) less severe in the tibialis anterior. It was evident that the gastrocnemius and diaphragm of both sexes were equally affected in both dystrophic strains ([Supplemental Fig. S1*A*](#SM1){ref-type="supplementary-material"}). Notably, pathology of the quadriceps of D2-*mdx* males was more severe (*P* \< 0.05) than that of D2-*mdx* females. For the BL10-*mdx* strain, males and females were similarly affected.

![Histopathology of 10-wk-old mice. *A*) Representative H&E staining of 5 muscles belonging to 1 individual D2-*mdx* and BL10-*mdx* male. Scale bars, 1000 μm. Pathology consisted of necrosis, regenerated fibers, fibrosis, inflammation, and calcification and was more severe in D2-*mdx* mice. Differences between muscles were observed with the tibialis anterior being the least and diaphragm the most severely affected muscle in both dystrophic strains. *B*) Expression analysis of genes involved in fibrosis (*Col1a1*, *Ctgf*), inflammation (*Cd68*, *Lgals3*), and fat infiltration (*Pparγ*). Dia, diaphragm; gas, gastrocnemius; qua, quadriceps; ta, tibialis anterior; tri, triceps. Values represent means ± [sd]{.smallcaps}; *n* = 6 males/strain. ^\#^Significant difference compared with all other genotypes; \**P* \< 0.05.](fj.201802488Rf1){#F1}

To compare pathology in more depth between the strains and muscles, we assessed expression levels of genes involved in fibrosis (*Col1a1* and *Ctgf*), inflammation (*Lgals3* and *Cd68*) and fat infiltration (*Pparγ*) in males ([Fig. 1*B*](#F1){ref-type="fig"}). Generally speaking, expression levels of these pathologic markers were higher in D2-*mdx* than in BL10-*mdx* mice and both wild-type strains, reaching significance for the majority of genes in the triceps and diaphragm. Expression levels of *Col1a1* and *Pparγ* were also significantly elevated in the gastrocnemius.

D2-*mdx* muscles show heterotopic ossification {#s18}
----------------------------------------------

D2-WT mice carry a mutation in the *Dyscalc1* locus, which is involved in bone development and causative for a higher incidence of calcified lesions in muscles and testes ([@B31], [@B32]). Although heterotopic ossification has been previously observed in D2-*mdx* mice ([@B19]), the cause and extent to which myofibers devoid of dystrophin are susceptible to calcification is unknown. We therefore stained several skeletal muscles of 10-wk-old mice with Alizarin Red and performed gene expression pathway analyses. Myofiber calcification was observed occasionally in BL10-*mdx* and rarely in wild-type mice. However, D2-*mdx* mice had extensive calcification in all muscles (*P* \< 0.05) ([**Fig. 2*A***](#F2){ref-type="fig"}), which appeared to be of transient nature ([**Fig. 5*B, D***](#F5){ref-type="fig"}). Interestingly, the calcifications coocurred often with degeneration (*e.g.*, necrotic and inflammatory regions). Longitudinal sections revealed that the calcifications occur within myofibers and often spread through the entire fiber. The abundance of calcified myofibers differed between muscles; the highest levels were observed in diaphragm (*P* \< 0.0001), followed by triceps and quadriceps. Significantly lower amounts were observed in gastrocnemius and tibialis anterior (*P* \< 0.01). Comparing genders, no significant differences were observed in both strains ([Supplemental Fig. S1*B*](#SM1){ref-type="supplementary-material"}). BL10-*mdx* muscles of both genders occasionally contained calcified fibers.

![Myofiber calcification is extensive in 10-wk-old D2-*mdx* males. *A*) Representative Alizarin Red staining of 5 muscles belonging to the same D2-*mdx* and BL10-*mdx* males as shown in [Fig. 1*A*](#F1){ref-type="fig"}. Scale bars, 1000 μm. Calcifications stain dark red and were primarily observed in D2-*mdx* mice. Longitudinal sections reveal that the calcified areas involve the entire myofiber and are contained within the fiber membrane. Quantifications revealed differences in severity between muscles. *B*) Expression analysis of genes involved in osteogenesis. Dia, diaphragm; gas, gastrocnemius; qua, quadriceps; ta, tibialis anterior; tri, triceps; *n* = 6 males/strain. Values represent means ± [sd]{.smallcaps}. ^\#^Significant difference compared with all other genotypes; \**P* \< 0.05.](fj.201802488Rf2){#F2}

![Histopathology is ameliorated in 34-wk-old D2-*mdx* mice. *A*) Gastrocnemius/body weight (GC/BW) ratio was smaller in D2-*mdx* mice. *B*) Representative H&E and Alizarin Red staining of the gastrocnemius and diaphragm belonging to a 10- and 34-wk-old D2-*mdx* male. The transient nature of the calcifications is clearly visible. Scale bars, 1000 μm. *C*, *D*) Overall pathology (*C*) and calcifications (*D*) were less pronounced in the older mice; *n* = 6 males/strain, except for 34-wk-old D2-*mdx* mice, which consisted of *n* = 10 males. Values represent means ± [sd]{.smallcaps}. ^\#^Statistically significant difference compared with all other genotypes; \*\*\**P* \< 0.0001.](fj.201802488Rf5){#F5}

Little is known about the basis of the aberrant calcifications in skeletal muscle of D2-*mdx* mice. To determine whether osteogenesis is responsible, several bone differentiation genes \[*Bmp2*, *Bmpr2*, *Ank*, *Lrp5*, *Lrp6*, and activin A receptor, type I (*Acvr1*)\] were tested by qPCR. In line with histologic examination, the majority of genes were up-regulated, especially in the diaphragm of D2-*mdx* males and to a lesser extent in the gastrocnemius and triceps ([Fig. 2*B*](#F2){ref-type="fig"}). Expression levels did not differ between BL10-*mdx* and their corresponding WT strains. Notably, in the triceps, expression levels of *Ank* and *Lrp5* in D2-WT mice exceeded that of BL10-*mdx* and BL10-WT mice. Results indicate that the observed calcification in muscle indeed could result from active osteogenesis.

Muscle regeneration is altered in D2-*mdx* males {#s19}
------------------------------------------------

Fiber-size distributions were assessed for quadriceps, gastrocnemius, triceps, and diaphragm of the 4 strains. Overall, D2-*mdx* and BL10-*mdx* mice had much more small sized fibers (\<1000 μm^2^) than WT mice ([**Fig. 3*A***](#F3){ref-type="fig"}). For the quadriceps and diaphragm, no differences were observed in fiber-size distribution between the dystrophic strains, whereas in the gastrocnemius and triceps, the proportion of small fibers in D2-*mdx* mice exceeded that of BL10-*mdx* mice (gastrocnemius; 33.8 *vs.* 19.6% triceps; 35.6 *vs.* 21.1% for D2-*mdx* and BL10-*mdx* mice, respectively). In both muscles, the proportion of fibers with an area of \>2000 µm^2^ was smaller in D2-*mdx* than in BL10-*mdx* mice.

![Regenerative capacity is not severely affected in 10-wk-old D2-*mdx* males. *A*) Fiber-size distributions were assessed for quadriceps, gastrocnemius, triceps, and diaphragm of the 4 strains. Overall, D2-*mdx* and BL10-*mdx* mice had significantly smaller fibers compared with WT strains. D2-*mdx* mice had a larger proportion of small fibers in gastrocnemius and triceps than BL10-*mdx* mice. *X*-axis labeling of quadriceps, triceps, and gastrocnemius are identical. *B*) Representative H&E, Alizarin Red, and eMHC stainings of consecutive sections of a D2-*mdx* and a BL10-*mdx* male quadriceps. Scale bars, 100 μm. Symbols indicate corresponding fibers. eMHC-positive fibers colocalized to areas of inflammation and calcification. *C*) eMHC-positive fibers were manually counted on an entire cross section. Abundance did not differ between D2-*mdx* and BL10-*mdx* males. *D*) Expression analysis of genes involved in regeneration. Dia, diaphragm; gas, gastrocnemius; tri, triceps; *n* = 6 males/strain. Values represent means ± [sem]{.smallcaps} (*A*) and mean ± [sd]{.smallcaps} (*B*--*D*). ^\#^Significant difference compared with all other genotypes; \**P* \< 0.05.](fj.201802488Rf3){#F3}

To assess the regenerative capacity of D2-*mdx* mice, we stained the quadriceps for eMHC-positive fibers and assessed their abundance in whole-muscle cross-sections per square millimeters ([Fig. 3*B, C*](#F3){ref-type="fig"}). Whereas no eMHC-positive fibers were observed in the wild-type strains, both D2-*mdx* and BL10-*mdx* mice, respectively, had 23.7 and 12.5 eMHC-positive myofibers per square millimeters. In D2-*mdx* mice, eMHC-positive fibers were predominantly found in calcified areas ([Fig. 3*B, C*](#F3){ref-type="fig"}). We also assessed expression of genes involved in regeneration (*MyoD*, *MyoG*, *Mstn*, and *Stat3*) ([Fig. 3*D*](#F3){ref-type="fig"}). *MyoD* and *MyoG* levels in diaphragm were elevated to similar extend in both dystrophic strains compared with WT but not in gastrocnemius or triceps. *Mstn* levels in the diaphragm were reduced in D2-*mdx* compared with D2-WT mice. *Stat3* expression was up-regulated in D2-*mdx* gastrocnemius and diaphragm, but not in the triceps, compared D2-WT mice.

Muscle performance is severely affected in D2-*mdx* males and deteriorates with age {#s20}
-----------------------------------------------------------------------------------

To longitudinally assess muscle function, we subjected 10 D2-*mdx* and 6 D2-WT mice of both genders to a biweekly functional test regime consisting of forelimb grip strength and 2 hanging tests starting at 4 wk of age. Weight measurements recorded over time confirmed the lower body weight in D2-*mdx* mice ([**Fig. 4*A***](#F4){ref-type="fig"}). In both strains, males were heavier than females, although this difference was more pronounced in D2-WT mice. CK levels were assessed as a marker for myofiber integrity ([Fig. 4*B*](#F4){ref-type="fig"}). CK levels were elevated in young D2-*mdx* mice regardless of their gender but decreased with age. From the age of 24 (males) or 26 (females) wk onwards, levels were below 500 U/L, which are considered as WT levels. Forelimb grip strength was significantly impaired in D2-*mdx* mice (*P* \< 0.0001) compared with WT but did not differ between genders ([Fig. 4*C*](#F4){ref-type="fig"}). Although the same pattern was observed when grip strength values were normalized to body weight, differences lost their statistical significance ([Fig. 4*D*](#F4){ref-type="fig"}). Hanging performance was assessed with 2 hanging tests, using a wire with a starting position of 2 limbs ([Fig. 4*E*](#F4){ref-type="fig"}) or a grid with a starting position of 4 limbs ([Fig. 4*F*](#F4){ref-type="fig"}). Performance of D2-*mdx* males was significantly (*P* \< 0.0001) impaired and deteriorated with age in both hanging tests as compared with WT mice. Notably, D2-*mdx* females outperformed males in both tests (2 limbs hang test *P* \< 0.0001, 4 limbs hang test *P* \< 0.0001). Performance of WT males, but not females, unexpectedly dropped in the last 2 wk for which we do not have an explanation. Respiratory rate and amplitude were assessed at 7, 14, and 34 wk of age ([Fig 4*G, H*](#F4){ref-type="fig"}). Although D2-*mdx* mice of both genders consistently had a lower respiratory rate and higher amplitude than D2-WT mice, this reached statistical significance only when data of both genders were combined.

![A gender and age comparison for D2-*mdx* and D2-WT mice shows that muscle function is severely affected in D2-*mdx* males, but not females, and deteriorates with age. *A*) D2-*mdx* mice were lighter than wild types. *B*) CK levels were elevated in young D2-*mdx* mice and dropped with age. *C, D*) Forelimb grip strength (*C*) was impaired in D2-*mdx* mice, but when normalized to body weight (*D*), this difference lost its significance. *E*, *F*) Performance in the 2 limb hanging test (*E*) and 4 limb hanging test (*F*) was severely impaired in D2-*mdx* males but not in females. *G*) Respiratory rate was decreased in D2-*mdx* mice, although this did not reach significance. *H*) Respiratory amplitude normalized to body weight showed a nonsignificant increase in D2-*mdx* mice. For *G* and *H*, significance was reached when data of both genders were pooled; *n* = 10 D2-*mdx* mice and *n* = 6 D2-WT mice of both genders. Values represent means ± [sem]{.smallcaps}. ^\$^Significant difference compared with all other groups; significant drop with age in D2-mdx mice; \**P* \< 0.05.](fj.201802488Rf4){#F4}

Skeletal muscle pathology stabilizes in 34-wk-old D2-*mdx* males {#s21}
----------------------------------------------------------------

At age 34 wk, the muscle/body weight ratio of the gastrocnemius was significantly lower in D2-*mdx* compared with wild-type mice of both genders ([Fig. 5*A*](#F5){ref-type="fig"}). Muscle histopathology was assessed and compared with that of the 10-wk-old males. Because females outperformed males in the functional analyses, making females less suitable for future preclinical studies using muscle functionality as outcome measure, we excluded them from further skeletal muscle analyses. We also excluded the tibialis anterior from further analyses being the least severely affected muscle in 10-wk-old mice. Sections were H&E stained to assess the percentage of unhealthy tissue (necrosis, regeneration, fibrosis, and inflammation) ([Fig. 5*B*](#F5){ref-type="fig"}). For all muscles, we observed a reduction in pathologic severity in the 34-wk-old D2-*mdx* males compared with the younger mice ([Fig. 5*C*](#F5){ref-type="fig"}). However, at 34 wk, levels still exceeded that of WT with \>10% of the muscle showing pathologic damage. Histopathology did not largely differ between the muscles. Similar to overall pathology, the extent of calcification was statistically significantly ameliorated in the muscles derived from the 34-wk-old D2-*mdx* mice ([Fig. 5*B, D*](#F5){ref-type="fig"}). Diaphragm was the most affected, whereas only minor amounts of calcification were detected for the other skeletal muscles.

Furthermore, we analyzed fiber-size distributions in 34-wk-old mice and compared outcomes with those observed in 10-wk-old gender-matched mice. Similar to younger mice, large proportions of smaller fibers were observed in quadriceps and triceps for the older D2-*mdx* mice, and their abundance did not alter with age ([**Fig. 6*A***](#F6){ref-type="fig"}). In the gastrocnemius and diaphragm, however, the smallest bin contained slightly more fibers in the older mice, which consequently had fewer fibers between 1000 and 1500 μm^2^.

![Fiber-size and regeneration in 34-wk-old D2-*mdx* mice. *A*) Fiber-size distributions were similar between younger and older D2-*mdx* mice for quadriceps and triceps. *X*-axis labeling of quadriceps, triceps, and gastrocnemius are identical. *B*) eMHC-positive fibers were only occasionally observed in old D2-*mdx* mice. Values represent means ± [sd]{.smallcaps}.](fj.201802488Rf6){#F6}

We also assessed the amount of eMHC-positive fibers in the gastrocnemius and observed that at 34 wk of age there were few eMHC-positive fibers present, indicating that at this age active regeneration is not occurring ([Fig. 6*B*](#F6){ref-type="fig"}).

Cardiomyopathy in D2-*mdx* mice {#s22}
-------------------------------

In contrast to BL10-*mdx* mice that develop heart pathology from ∼6 mo onwards, the D2-WT genetic background is known to develop cardiac calcifications at an early age ([@B19]). To confirm that dystrophin deficiency renders the heart more susceptible to damage in the DBA2/J genetic background, we assessed hypertrophy of the heart in 34-wk-old mice. The heart/body weight ratio in D2-*mdx* males was significantly larger (*P* \< 0.05) compared with D2-*mdx* females and WT mice ([**Fig. 7*A***](#F7){ref-type="fig"}).

![Pathology of the heart of D2-*mdx* and BL10-*mdx* mice at 10 and 34 wk of age. *A*) D2-*mdx* males, but not females, suffered from cardiac hypertrophy at the age of 34 wk. *B*) Despite large individual variation, D2-*mdx* mice had marginally more fibrotic lesions from 10 wk of age onwards compared with BL10-*mdx* mice. *C*) In contrast to BL10-*mdx* mice, D2-*mdx* mice had calcifications in the heart at 10 wk of age. *D*) Expression analysis of genes involved in cardiac function (*Serca2a*, *Vegf*, and *Nppa*), fibrosis (*Col1a1*, *Ctgf*) and osteogenesis (*Acvr1*, *Bmp2*); *n* = 6 males/strain, except for 34-wk-old D2-*mdx* mice, which consisted of *n* = 10 males. Values represent means ± [sd]{.smallcaps}. ^\#^Statistically significant difference compared with all other genotypes; \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001.](fj.201802488Rf7){#F7}

The amount of fibrosis in the heart was assessed on sections stained with Sirius Red in D2-*mdx* and wild-type mice aged 10 and 34 wk ([Fig. 7*B*](#F7){ref-type="fig"}). At 10 wk of age, D2-*mdx* mice already had significant fibrotic lesions. The extent appeared to increase with age in 34-wk-old D2-*mdx* mice, although mean levels did not significantly differ. Notably, at both ages, individual variation between mice was large, with some mice showing almost no fibrosis, whereas fibrosis was pronounced in others. We also assessed cardiac calcifications as D2-WT mice are known for developing these in the heart ([Fig. 7*C*](#F7){ref-type="fig"}). We observed a few calcifications in both young and older D2-WT mice, which were not seen in BL10-WT mice. In line with our observations for fibrosis, also the extent of the calcifications varied in individual D2-*mdx* mice, ranging from a few fibers to extensive areas in 1 D2-*mdx* mouse. Such variation was present in both ages, although it was more pronounced in the older mice (varying between 1.3 and 5.9% at 10 wk, and 2.1--13.2% at 34 wk).

Expression analysis of genes involved in cardiac function, fibrosis, and osteogenesis were assessed by qPCR ([Fig. 7*D*](#F7){ref-type="fig"}). Notably, already at 10 wk of age, expression levels of *Serca2a*, *Nppa*, *Ctgf*, *Acvr1*, and *Bmp2* were significantly higher in D2-*mdx* than in D2-WT mice. Expression levels of these genes did not differ that drastically between *mdx* and WT mice on a BL10 genetic background because only expression of *Vegf* and *Acvr1* was decreased, whereas that of *Ctgf* was increased in BL10-*mdx* mice. Heart pathology deteriorated with age at 34 wk, and for all genes except *Vegf*, a statistically significant difference was observed between the D2-*mdx* and D2-WT mice.

DISCUSSION {#s23}
==========

Despite the potential of the D2-*mdx* model for preclinical research, to date, its natural history has not been thoroughly investigated, whereas the number of preclinical studies using this model is exponentially growing. Lacking natural history data, these intervention studies are at risk of being not well designed due to lack of knowledge on which age, gender, muscles, and outcome measures to select.

In this study, we examined the natural history of D2-*mdx* mice in detail by directly comparing the pathology of 5 different muscles with that of muscles from BL10-*mdx* mice at ages 10 and 34 wk. Histopathology of 10-wk-old D2-*mdx* mice consisted of extensive necrosis, inflammation, fibrosis, and, notably, calcifications. Overall severity of these pathologic hallmarks was much worse compared with BL10-*mdx* mice. Accordingly, the majority of genes involved in these processes were, especially in the diaphragm, up-regulated to a larger extent in the D2-*mdx* mice. Differences in severity between the different muscles within mice matched between the 2 *mdx* strains (*i.e.*, diaphragm most severely and tibialis least severely affected). The exacerbated pathology likely results from the dysfunctional *Anax6* gene, which hampers membrane repair after injury especially in dystrophic muscle ([@B33]). It thereby further triggers necrosis and chronic inflammatory responses evident by observed elevated *Lgals3* and *Cd68* expression. In line, increased inflammatory cytokines and Evans blue dye staining has been observed in young D2-*mdx* mice ([@B19]). The increased levels of fibrosis (*i.e.*, elevated *Col1a1* expression) are likely caused by the dysfunctional *Ltbp4* gene, which increases TGF-β signaling ([@B20]). LTBP4 is a known genetic modifier in patients with DMD ([@B34]). The majority of muscles showed an increase in the number of small fibers in D2-*mdx* compared with BL10-*mdx* mice. With age, the amount of small fibers even further increased. We assessed expression of several genes involved in regeneration and stained for eMHC-positive fibers to assess regenerative capacity. Especially *Stat3* levels were significantly up-regulated in D2-*mdx* mice, whereas no difference in eMHC expression was observed. Also, Coley *et al.* ([@B19]) described comparable levels of regenerative gene markers and BrdU uptake at 6 wk of age. However, they also observed a reduction in centralize nucleated fibers. Others confirmed the low centralized nuclei counts and described reductions in revertant fibers, all indicative for an impaired regenerative capacity ([@B18], [@B23]). With studies lacking on the onset and extent of necrosis in the D2-*mdx* model, it is too early to establish whether differences are caused by a reduction in necrosis or a reduction in regeneration in the D2-*mdx* model. Further research on the extent of necrosis and the regenerative capacity of the D2-*mdx* model in younger mice is needed.

One striking characteristic of the D2-*mdx* strain is the presence of high numbers of calcified fibers. Although occasional calcification was observed in BL10-*mdx* mice, all examined D2-*mdx* muscles contained extensive groups of calcified fibers that were restricted to areas of muscle necrosis and inflammation. This colocalization could implicate a direct causative link between these pathologic events. We show that several genes within the same bone differentiation pathway are up-regulated in D2-*mdx* mice. We believe that activation of *Bmp2* *via* increased inflammatory cytokine levels initiates this cascade, eventually triggering *Ank* expression and subsequently osteogenesis. Whether the pronounced calcifications catalyze myonecrosis or impair regeneration and thereby further exacerbate disease pathology is unknown and should be further studied. Furthermore, we observed that the calcifications are of transient nature because their abundance significantly reduced in 34-wk-old D2-*mdx* mice. In addition, other features of disease pathology significantly ameliorated with age in D2-*mdx* mice as well, which is in line with the disease stabilization observed in BL10-*mdx* mice. This again implicates a direct link between the occurrence of calcifications and myonecrosis/inflammation, where the calcifications resolve in absence of active necrosis/regeneration. The reason why myofiber calcification results from processes involved in necrosis and regeneration in growing young mice and why it has a transient nature is unknown and should be further investigated. Lastly, we focused on body weight and muscle function and their applicability for the D2-*mdx* model and performed longitudinal functional assessments in both genders. Like others, we observed that D2-*mdx* muscles are atrophic, which is the opposite of the hypertrophy associated with the BL10-*mdx* strain. This atrophic phenotype is more comparable to the pseudohypertrophy found in patients with DMD due to extensive fibrosis and fat infiltrations.

Interestingly, in the hanging tests, D2-*mdx* females outperformed males. Also, for the BL10-*mdx* mouse ([@B35], [@B36]) and SGCD-null mice for LGMD2F ([@B37]) it has been reported that females exhibit less severe deficits in muscle function than males. In contrast, in the SGCA-null mouse for LGMD2D, no difference in functionality between genders has been observed ([@B37]). The underlying mechanisms of gender differences in some muscular dystrophies are still largely inconclusive. Most likely there is a hormonal effect. Interestingly, treatment with tamoxifen, an estrogen analog, was found to have beneficial effects on BL10-*mdx* mice, and the therapeutic effect of tamoxifen treatment is currently being explored ([*http://www.clinicaltrials.gov*](http://www.clinicaltrials.gov)*;* identifier: NCT03354039) in a clinical trial in patients with DMD.

Importantly, however, these observations highlight the need of a single gender (preferably males) in preclinical studies using D2-*mdx* mice. In line with previous observations in BL10-*mdx* mice ([@B29], [@B38]), respiratory function at rest was not severely impaired in D2-*mdx* mice, a changed respiratory capacity as compared with WT was only statistically significant when data of both genders were combined. Although we hypothesized that the more severely diaphragm of D2-*mdx* mice would more significantly affect respiratory function, like in *mdx-utrn^−/−^* mice ([@B29]), this was not observed. Further *ex vivo* experiments into the physiology of the diaphragm are warranted to further investigate this.

In D2-*mdx* mice, heart pathology is evident at an earlier age than in BL10-*mdx* mice. Already at 10 wk of age, some occasional cardiac calcifications are present in D2-*mdx* mice, which increase in severity with age. Notably, also in D2-WT mice, cardiac calcifications are observed, but these are exacerbated due to the dystrophin absence in D2-*mdx* mice. In agreement, others have shown that heart function becomes impaired already at a relatively young age in D2-*mdx* mice ([@B19]).

Taken together, the natural history study presented underlines the preferential use of male mice in preclinical studies where muscle function is one of the key outcome measures. Furthermore, it indicates that histopathology (especially calcifications) are severe in D2-*mdx* mice and that this ameliorates with age. Future studies are required to study the timing of this amelioration, necrosis, and regeneration in more detail, as also outlined in the report of the "of mouse and measures" initiative ([@B27]). Based on our natural history study, preclinical studies using this model should start interventions at early age, assessing therapeutic effects before the pathology has already ameliorated too much spontaneously.
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